Magnetic properties of antiferromagnetically coupled CoFeB/Ru/CoFeB 
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This work reports on the thermal stability of two amorphous CoFeB layers coupled antiferro- 
magnetically via a thin Ru interlayer. The saturation field of the artificial ferrimagnet which is 
determined by the coupling, J, is almost independent on the annealing temperature up to more 
than 300°C. An annealing at more than 325°C significantly increases the coercivity, H c , indicating 
the onset of crystallization. 



PACS numbers: 75.47.Np,75.50.Kj 
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I. INTRODUCTION 

Magnetic tunnel junctions (MTJ) have gained consid- 
erable interest in recent years due to their high potential 
as sensor elements (Q) and as programmable resistance 
in data storage (MRAM) (0) or even data processing (0). 
The basic design of a spin valve consists of a hard mag- 
netic reference electrode separated from the soft magnetic 
sense or storage layer by a tunnel barrier like AI2O3. The 
reference layer usually is an artificial ferrimagnet (AFi) 
exchange biased by a natural antiferromagnet like PtMn 
or IrMn. For the soft electrode, mostly NiFe has been 
used 10) and only recently this has been substituted by 
amorphous alloys of 3d ferromagnets with metalloids like 
B or Si, showing both, low switching fields |@) and also 
high tunnel magnetoresistance (TMR) Q0). 

Recently, soft electrodes of polycrystalline AFis based 
on materials like CoFe and NiFe have been investigated. 
They show a reduction in stray field due to the reduced 
net moment, smaller switching field distribution (@) and 
an easier establishment of a single domain structure in 
patterned elements with small aspect ratio (Q). 

This paper reports on the combination of both ap- 
proaches, namely a soft electrode made out of two antifer- 
romagnetically coupled layers of an amorphous CoFeB- 
alloy. A detailed study of the magnetic properties of this 
trilayer system with respect to the annealing tempera- 
ture will be given. Recent results on this system have 
been presented, showing an oscillating antiferromagnetic 
(AF) coupling of J a f « 0.05 to 0.08 mJ/m 2 with the sec- 
ond AF maximum at a spacer thickness of l.lnm, and 
a high TMR value of approximately 50% for a junction 
with a CoFeB- AFi as a soft magnetic electrode l|10|) . 

Compared with a single ferromagnetic layer the AFi 
can be regarded as a rigid magnetic body with a reduced 
magnetic moment and enhanced anisotropy. The gain in 
coercivity can be expressed by 
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with Q = (M 1 t 1 +M 2 t 2 )/\M 1 t 1 - M 2 t 2 \, where M ; and t\ 
are the saturation magnetization and the thickness of the 
ferromagnetic layer i, respectively, and iJ^ L and H^ Fl 
are the single layer and AFi coercivities IjllT ). 



II. EXPERIMENTAL 

For the ferromagnetic material of the investigated AFi 
we used Co6oFe 2 oB 2 o because of its high spin polariza- 
tion, leading to high TMR values JH31l3)- All samples 
investigated have been deposited by RF and DC sputter- 
ing on thermally oxidized Si02 wafers at a base pressure 
of 5 • 10~ 8 mbar. A magnetic field of approximately 4 
kA/m was applied during deposition in order to prede- 
fine the easy axis in the magnetic layers. The AFi was 
grown on a 1.2 nm thick Al layer, oxidized in an Ar/02 
plasma for 0.8min without breaking the vacuum, to have 
similar growth conditions as the soft electrode in a MTJ. 

In order to investigate the magnetic properties of the 
CoFeB-based AFis and to compare them to commonly 
used AFis of polycrystalline material, two series of sam- 
ples have been prepared. Series A consists of CoFeB (ti) / 
Ru(l.lnm) / CoFeB(3nm) with ti=3.8, 4 and 5nm, which 
gives nominal Q-values of 8.5, 7 and 4, respectively. The 
samples with the thicker CoFeB in contact with the AlOx 
barrier will be called positive AFi. Additionally one neg- 
ative AFi has been sputtered with CoFeB(3) / Ru(l.l) 
/ CoFeB(3.8). Series B consists of CoFe(t x ) / Ru(0.9) 
/ CoFe(t 2 ) with various thicknesses ti and t 2 , leading 
to nominal Q-values in the range of 2 to 5.7. All sam- 
ples were capped with a Ta layer to protect them from 
oxidation. 

To study the temperature stability of the magnetic 
properties, the samples have been annealed on a hot 
plate at constant temperatures between 200 and 350°C 
for 15mm. and have been protected from oxidation by 
a constant Ar-flow. The cooling times varied between 1 
and 2 hours, depending on the applied annealing temper- 
ature. A field of approximately 400— was applied along 
the easy axis during the thermal treatment. 

All samples then were investigated by Alternating Gra- 
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FIG. 1 Magnetization loops of the AFi system Ta(5) / Al(1.2, 
oxid.) / CoFeB(4) / Ru(l.l) / CoFeB(3) / Ta(10) annealed 
at 250° C. 




FIG. 2 Coercivities of the investigated CoFeB-AFi in com- 
parison to a CoFe-based AFi in dependance of the measured 
Q- values, showing much smaller coercivities for the amor- 
phous CoFeB-trilayer. The solid lines are linear fits confirm- 
ing H* Fi cx Q. 



dient Magnetometry (AGM). From the major and minor 
loops we extracted the data for the saturation field of the 
AFi (H sa t), the plateau field (Hp), the total and the net 
surface magnetization (m to t and m ne t) and the coerciv- 
ity (H£ Fi ). 



III. RESULTS AND DISCUSSION 

A typical room temperature magnetization curve, 
111(11), of an antifcrromagnetically coupled system is 
shown in figure ^ after annealing at 250°C. The m(H) 
curve shows a good antiparallel alignment during the 
magnetization reversal of the net moment of the AFi. 
From the minor loops (see inset) one can extract the co- 
ercivities, H^ Fl , of the AF-coupled systems. When plot- 
ted against Q mea s = wtot/Ti ne t, the coercivity shows 
a linear behavior as predicted by equation ^ Therefore 
the coercivity can easily be tailored in a wide range by 
varying the Q-value of the system. Furthermore the co- 
ercivity of the CoFeB-AFis is approximately nine times 
smaller than in artificial ferrimagnets consisting of poly- 
crystalline Co75Fe25 (see figure |2J), qualifying this AFi- 
system as an interesting material combination for soft 
magnetic electrodes in magnetoresistive applications. 

For the samples with a positive AFi, Q me as is signif- 
icant smaller than Q n0 m, calculated from the nominal 
thicknesses of the FM layers, and is slightly decreasing 
with the annealing temperature [see figure |3f a)]. This 
discrepancy between Q mea s and Q n0 m can be explained 
by thicker magnetically dead layers of the upper CoFeB- 
layer in comparison to the bottom layer, as extracted 
also from the m(H) loops. Since the samples are well 
protected from oxidation, as confirmed by Auger depth 
profiling, this indicates a stronger intermixing of the up- 
per CoFeB interfaces, that leads to a increase of m ne t 
and therefore a decrease of Q me as • 

For the same reason the negative AFi of series A shows 
a much higher Q mea s in comparison to the nominal Q of 
8.5. Additionally a strong increase of Q-value for tem- 
peratures up to 270°C is found. This increase is also 
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FIG. 3 (a) Measured Q-value, (b) coercivity H^ Fl and (c) 
coupling J of the CoFeB-trilayers against anneal temperature 
Tann. The values in parenthesis are the nominal layer thick- 
nesses tl, t2. 



reflected by an enlargement of coercivity in this tem- 
perature range, as expected by equation ^ whereas the 
increase at T ann > 300° C is also seen in the positive 
samples of series A. For those the coercivity slightly de- 
creases in the temperature range of 200 to 300° C and for 
temperature higher than 300° C it strongly increases [fig- 
urc|3jb)] and most likely indicates the onset of the change 
from amorphous to polycrystalline phase. This behavior 
is also seen for tunnel junctions using a single layer of 
CoFeB as the soft electrode at this temperature (|13|l . 
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The extracted values of the saturation field, H S8L t, the 
total, m tot — m 1 +m 2 : and the net surface magnetization, 
m ne t — mi — m2, allows one to calculate the individual 
magnetization of the layers, nii .2 ,and the coupling en- 
ergy j = -^oiJsat ^1+^.2 As can be seen in n e ure 

Etc) , the coupling is already set in the as deposited state 
for all samples and remains stable for the positive stack 
system until 300°C. For these samples the coupling first 
decreases above 300°C, and at temperatures above 340°C 
finally the plateau, defined by Hp, disappears. This is 
maybe due to a transition from a bilinear to a dominating 
biquadratic coupling, which most likely originates from 
thickness variations in the Ru-layer due to interdiffusion. 

Jaf for the positive samples varies between 0.037 and 
0.063 mJ/m 2 , whereas the negative AFi shows a cou- 
pling of 0.12 mJ/m 2 . This discrepancy can be explained 
by the fact, that the magnetic dead layer thickness is 
larger for the upper FM layer. This leads for the case of 
the negative AFi to a decrease of its net moment with a 
consequently increase of the saturation field and of J a f. 
Nevertheless the coercivity of the AFi systems is inde- 
pendent from the absolute value of coupling, as long the 
two magnetic layers are antiferromagnetically oriented in 
the operational window. This is confirmed by the linear 
behavior of coercivity vs. Q- value in figure [3 

IV. SUMMARY 

We have shown, that CoFcB/Ru/CoFeB sandwiches 
exhibit a stable coupling up to T ann w 325°C. At the 
same time the coupling energy J is in the order of 0.1 
mJ/m 2 and therefore by a factor of ten smaller than in 



polycrystalline CoFe/Ru/CoFe AFis. The coercivity of 
the amorphous AFi is by a factor of nine smaller than in 
the polycrystalline samples and scales linearly with the 
measured Q-value. Combined with the high spin polar- 
ization of the CoFeB alloy, reflected by a measured TMR 
effect of approximately 50%, this material system may 
be a potential candidate as a soft magnetic electrode in 
magnetic tunnel junctions. 
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